Abstract: This paper describes the use of a large aperture PVDF receiver in angle beam through transmission method of ultrasonic velocity measurement avoiding beam diffraction effect. The diffraction and the dispersion effects on velocity measurement have been experimentally investigated in the frequency range of 1 to 10 MHz.
A. Introduction
The determination of elastic constants of anisotropic materials by measurement of the density and ultrasonic velocities has been studied by several researchers in the last four decades [1] , [2] . An anisotropic material is described by 21 independent elastic constants. The number of elastic constants is reduced to nine when the material has orthotropic symmetry. This number may be further reduced when there is more symmetry in the material. A unidirectional carbon-fiber/epoxy laminate can be considered as transversely isotropic and the number of independent elastic constants is reduced to five [2] .
The determination of elastic constants from a set of bulk ultrasonic wave phase velocities in an arbitrary direction of a measured sample of composite material is based on the Christoffel's equation [3] .
The accuracy of elastic constants is highly dependent on the precision of the velocity measurement. The immersion through-transmission method is based on the measurement of a time-delay between the time spent by the wave traveling in the absence of the sample material and the time with the sample material. This time-delay is used to calculate the phase velocity and the refraction angle in the sample [4] .
There are many factors which introduce errors when measuring velocities, such as: parallelism of the sample surfaces, temperature gradients in the experiment, velocity dispersion, acoustic diffraction, mechanical precision of the measurement device, etc. [5] .
Avoiding temperature gradients is very important when measuring thin sample material because a 0.1°C variation can result in a 20 ns error in a measurement device with 100 mm path which produces a 2% error in a 1 μs time-delay [6] . Due to the high attenuation behavior of composite materials the velocity dispersion introduces error that increases with the frequency and the sample thickness. On the other hand, the acoustic diffraction effect decreases with the frequency for the same transducer's effective area.
It can be shown from the radiation theory that an infinite-plane receiver with uniform sensitivity is a planewave filter for the direction normal to the plane [7] . In the spatial integration of the field performed by an infinite-plane receiver the contributions made by the edge waves sum to zero, yielding a plane wave-only measurement. In practice, an infinite-plane receiver is modeled by using a piezoelectric PVDF (Polyvinylidene Fluoride) thin-film receiver, sufficiently large to intercept the entire propagating pulse and electroded throughout its entire extent [8] .
In this work a large aperture PVDF receiver is used together with a piezoelectric ceramic emitter in throughtransmission method of ultrasonic velocity measurement in solid material plates immersed in water. It is analyzed the diffraction effect in longitudinal velocity measurement when using conventional non-destructive testing (NDT) ultrasonic transducers in the range of 1 to 10 MHz and the velocity dispersion in a plastic material. The elastic constants of a unidirectional carbonfiber/epoxy plate are determined using phase velocities measured with an angle beam through-transmission assembly using the diffraction-free PVDF receiver.
B. Experiments

B.1. Diffraction and dispersion effects on velocity measurement
The experiments have been made in a goniometer device immersed in distilled water. The water inside the goniometer was kept at 24.4 ± 0. The measurements of longitudinal velocity in the aluminum plate were repeated using the same set of emitter transducers but using an 80 mm diameter PVDF receiver as shown in the diagram of Fig. 2 . The emitter is excited with a broadband pulse, and the electrical signals of the received waves are amplified (Panametrics 5072PR) and digitized by an oscilloscope (HP Infinium 500 MHz, 2Gs/s) connected to a computer via ethernet . The echoes are then stored and processed in the computer using MATLAB.
B.1.1. Large-aperture PVDF receiver
The large-aperture receiver is a 52 μm-thick PVDF membrane with gold electrodes. The PVDF membrane is bonded to a matched backing material, stiff enough to prevent low frequency bending vibration. The backing material has almost the same acoustic impedance of water around 25°C and high attenuation [9] . The PVDF membrane is slightly stretched by using two concentric brass rings. Each electrode is electrically connected to the corresponding terminal by contact rings. The external ring is grounded and the internal ring is connected to the signal.
The effective diameter of the receiver was chosen in order to intercept the entire ultrasonic field produced by the transmitter. The PVDF receiver used in this work, shown in Fig. 3 , has 80 mm active diameter. 
B.1.2. Measurement of time delay
The time delay between two echoes is measured using the Hilbert transform of the cross-correlation between them. It can be shown that the resolution in the time delay measurement can be increased by a factor of ten when compared to the cross-correlation method [10] . Fig. 4 shows the measured longitudinal velocities in the aluminum plate. The results show that the diffraction effect may produce more than 1% error when using pair of transducers with 19 mm diameter and frequency under 2 MHz, or when using small diameter at higher frequency, such as, the 5 MHz, 10 mm, focused transducer. This effect is eliminated with the largeaperture PVDF receiver as shown by the results of the dotted line and the result shown by the triangular mark. Fig. 6 show the coordinate system attached to a unidirectional laminate. The fibers are placed parallel to axis x 3 . The plane x 1 -x 2 can be considered isotropic [2] . The stiffness tensor of a unidirectional composite laminate material has five independent elastic constants and is represented by (1) . 
B.1.3. Diffraction effect
B.1.4. Dispersion effect
B.2. Determination of elastic constants
The Christoffel equation allows the calculation of the phase velocity at a given direction from the set of the elastic constants in (1) . The inverse problem consists in the determination of the elastic constants from the phase velocity measurement in several specific directions.
The phase velocity at a refraction angle θ r is obtained by measuring the time-delay Δt of the ultrasonic wave traveling with and without the composite plate at a known temperature. The acoustic velocity in water, v w , is tabulated and can be obtained from the temperature. The phase velocity for a composite plate with thickness h is ) ( (4) where v i experimental is obtained by (2) , and N is the number of measured velocities. The minimization of F is implemented using the function fminsearch of MATLAB.
B.2.1. Experimental results
The experimental results of the phase velocities were obtained from a 2.107 mm thick unidirectional carbonfiber/epoxy square plate (80 x 80 mm) with density Table 1 shows the initial guess and the calculated results of the elastic constants obtained by minimizing function F of (4). 
C. Conclusion
The experimental results of the diffraction effect on velocity measurement, in a low attenuation material, show that this error can be more than 1% when using a pair of transducers under 2 MHz with 19 mm diameter. The measurements with the large-aperture PVDF receiver show a clear elimination of the diffraction effect, even when using a 5MHz, 10 mm diameter focused transducer. The dispersion effect is shown for the measurement of longitudinal velocity in an acrylic plate (medium attenuation) with the diffraction-free receiver. The fiber/plastic reinforced composites generally have high dispersive effect. The results of the elastic constant measurement with the large-aperture PVDF receiver show good agreement with the literature [11] .
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